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A multislice spin echo EPI sequence was used to obtain func-
tional MR images of the entire rat brain with blood oxygenation
level dependent (BOLD) and cerebral blood volume (CBV) con-
trast at 11.7 T. Maps of activation incidence were created by
warping each image to the Paxinos rat brain atlas and marking
the extent of the activated area. Incidence maps for BOLD and
CBV were similar, but activation in draining veins was more
prominent in the BOLD images than in the CBV images. Cere-
bellar activation was observed along the surface in BOLD im-
ages, but in deeper regions in the CBV images. Both effects
may be explained by increased signal dropout and distortion in
the EPI images after administration of the ferumoxtran-10 con-
trast agent for CBV fMRI. CBV-weighted incidence maps were
also created for 10, 20, and 30 mg Fe/kg doses of ferumoxtran-
10. The magnitude of the average percentage change during
stimulation increased from 4.9% with the 10 mg Fe/kg dose to
8.7% with the 30-mg Fe/kg dose. Incidence of activation fol-
lowed a similar trend. Magn Reson Med 55:316–324, 2006.
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Rodents play an important role in neuroscience research.
The development of robust whole-brain functional imag-
ing of the rodent should have application to problems in
learning, plasticity, and cortical organization. Much of the
original development of functional MRI techniques was
done in rodents (1–3), and many subsequent studies have
examined activation in the primary sensory cortex during
somatosensory stimulation (3–11). These studies have
been important for understanding the basis of fMRI.
Whole-brain fMRI to study an entire neural network has
rarely been used in rodents even though it is routine for
human fMRI. This is due in part to the need for high
spatial resolution to resolve the small secondary areas in
the brain. The progressive development of high-field ani-
mal scanners with strong gradients and short rise times has
increased imaging speed and resolution, making high-res-
olution functional imaging of the whole brain feasible (12).
Despite these advances, there are few studies that have

examined learning or plasticity using fMRI in small ani-
mals (13,14).

There are many problems yet to be addressed in making
whole-brain rodent fMRI a robust technique for neuro-
science. Sensitivity is an important issue. Areas outside
the primary sensory cortex (SI) may activate less strongly,
and in small areas activation is further diluted by partial
volume effects. In our previous work with blood oxygen-
ation level dependent (BOLD) contrast, the incidence of
activation in the thalamus, cerebellum, and secondary so-
matosensory cortex (SII) was 30–70% of the incidence rate
in the primary somatosensory cortex (12). A functional
imaging method with greater sensitivity could improve
our ability to detect activation in these areas. It is also
possible that the regional hemodynamic coupling is differ-
ent in the secondary areas and that cerebral blood volume
(CBV) or perfusion-weighted fMRI may give better results
than BOLD.

CBV-weighted fMRI has been shown to increase func-
tional contrast to noise compared to BOLD at low field
strengths, which has led to its use in small animal studies
and in applications of fMRI to nonhuman primates 3,15–
19. As field strength increases, this advantage decreases
(3). However, previous work has shown that CBV-
weighted fMRI at 11.7 T can achieve activation similar to
that of BOLD in the primary somatosensory cortex (20).

Several experiments have shown that BOLD and CBV-
weighted fMRI have different spatial and temporal re-
sponses. Mandeville et al. determined that during a 30-s
stimulation, the CBV signal is slower to reach its peak after
onset and slower to return to baseline at the end of stim-
ulation (3). Interestingly, the initial rise in CBV occurs
faster than the BOLD signal (3,21). Activation seen along
draining veins in the BOLD images was not apparent in the
CBV-weighted images (3,21). Draining veins have long
caused localization problems in BOLD fMRI, and eliminat-
ing them is particularly attractive for whole-brain imaging.
However, the susceptibility gradient produced by ultras-
mall superparamagnetic iron oxide (USPIO) particles in-
jected into the blood to provide CBV weighting may cause
signal dropout and image distortion, especially at high
fields with fast imaging sequences such as echo planar
imaging (EPI).

In this study, we compared BOLD functional imaging
and CBV-weighted functional imaging for whole-brain
fMRI of the rat during forepaw stimulation. Specifically,
the contrast agent dose dependence for incidence of acti-
vation in different areas of the brain was studied. The
presence of draining veins and the effect of image distor-
tion were also examined.
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METHODS

Animal Preparation

All experiments were performed in compliance with
guidelines set by the National Institutes of Neurologic
Disorders and Stroke ACUC. Twenty-four adult male Spra-
gue–Dawley rats (150–311 g) were initially anesthetized
with 5% halothane and maintained at 1.5% halothane
during the following surgical procedures. Each rat was
orally intubated and placed on a mechanical ventilator
throughout the surgery and the experiment. Polyethylene
catheters were inserted into the right femoral artery and
vein to allow monitoring of arterial blood gases and ad-
ministration of drugs. Two needle electrodes were inserted
just under the skin of each forepaw, one between digits 1
and 2 and the other between digits 3 and 4. After surgery,
the rat was given an i.v. bolus of �-chloralose (80 mg/kg)
and halothane was discontinued. Anesthesia was main-
tained with a constant �-chloralose infusion (27 mg/kg/hr)
(9).

The rat was placed on a heated water pad to maintain
rectal temperature at approximately 37°C while in the
magnet. Each animal was secured in a head holder with
ear bars and a bite bar to prevent head motion and was
strapped to a plastic cradle. End-tidal CO2, rectal temper-
ature, tidal pressure of ventilation, heart rate, and arterial
blood pressure were continuously monitored during the
experiment. Arterial blood gas levels were checked peri-
odically and corrections were made by adjusting respira-
tory volume or administering sodium bicarbonate to main-
tain normal levels when required. An i.v. injection of
pancuronium bromide (4 mg/kg) was given once per hour
to prevent motion. After BOLD fMRI studies were finished,
the rats were i.v.: either given 10 mg Fe/kg (6 rats), 20 mg
Fe/kg (10 rats), or 30 mg Fe/kg (10 rats) of ferumoxtran-10,
a dextran-coated superparamagnetic iron oxide particle
with a long blood half-life (Combidex, AMI-227, gift of
Advanced Magnetics, Inc., Cambridge, MA, USA). Two
rats were given 10 mg Fe/kg followed by 20 mg Fe/kg and
are included in both the 10- and the 30-mg groups.

MRI

All images were acquired with an 11.7 T/31 cm horizontal
bore magnet (Magnex, Abingdon, UK), interfaced to an
AVANCE console (Bruker, Billerica, MA, USA) and
equipped with a 9-cm gradient set, capable of providing
45 G/cm with a rise time of 75 �s. Shimming was per-
formed with a custom-built shim set and high power shim
supply (Resonance Research Inc; Billerica, MA, USA). Ex-
citation was provided by a homebuilt 70-mm inner diam-
eter birdcage coil. A contoured rectangular surface coil
(2 � 3 cm) that attached to the head holder was used to
receive the MR signal. Scout images were acquired in three
planes with a fast spin echo sequence to determine appro-
priate positioning for the functional study.

A spin echo EPI sequence was used for the fMRI studies.
Setup included shimming, adjustments to echo spacing
and symmetry, and B0 compensation. For BOLD fMRI
studies, a single-shot sequence with a 64 � 64 matrix was
run with the following parameters: effective echo time
30 ms, repetition time 1.5 s, bandwidth 200 kHz, field of

view 1.92 � 1.92 cm. Whole-brain coverage was obtained
with ten to eleven 2-mm-thick slices, spaced 0.2 mm apart.
For the CBV-weighted studies, the bandwidth was in-
creased to 250 kHz, allowing the effective echo time to be
shortened to 20 ms.

Anatomic images were also obtained from one rat to
depict the surface vasculature of the rat brain, which may
contribute to the BOLD signal. A 3D FLASH sequence with
the following parameters was used: TE 5 ms, TR 20 ms, flip
angle (FA) 15°, matrix size 384 � 192 � 256. This gave an
isotropic resolution of 100 �m.

Somatosensory Stimulation Paradigm

A World Precision Instruments stimulator (WPI, Sarasota,
FL, USA) supplied 2-mA, 300-�s pulses repeated at 3 Hz to
both forepaws upon demand. The paradigm consisted of
10 dummy scans to reach steady state, followed by 60
scans during rest, 30 scans during forepaw stimulation,
and a final 60 scans during rest, for a total experiment time
of 4 min. The animal was allowed to rest for approximately
3 to 5 min, and then the stimulation paradigm was re-
peated.

Data Analysis

Analysis of the time series was performed using STIMU-
LATE (University of Minnesota). A correlation coefficient
was calculated from cross-correlation of the unfiltered
time series with a boxcar waveform representing the stim-
ulation period. The activation threshold was set at 0.2, and
only groups that included at least four activated pixels
were considered significant. One to three fMRI series from
each animal were analyzed, depending on the physiologic
stability of the animal. Time courses from activated pixels
in SI, SII, thalamus, and cerebellum were recorded and
averaged to form a representative response for each region.
A linear baseline correction was performed on all time
courses.

Using a customized program developed in-house, the
Paxinos rat brain atlas (22) was digitized so it could be
warped to each MRI slice containing a specific region of
interest. The location of the activated pixels of that slice in
relation to the atlas could be saved. The same program was
then used to read in the atlas images with activated pixels
from each rat and add them together to display the relative
incidence of activation in each region in the atlas coordi-
nate system.

For the dose-dependent CBV-weighted studies, the inci-
dence of activation in each area for each dose was re-
corded. Time courses were measured for a 3 � 3 pixel area
in SI for each dose.

RESULTS

Excellent echo-planar images were obtained both before
and after the injection of the ferumoxtran-10. Images ob-
tained with parameters used for BOLD fMRI and CBV-
weighted images acquired after injection of 20 mg Fe/kg
are shown in Fig. 1. The contrast agent reduced the overall
signal, but this effect was partially offset by shortening the
effective echo time to 20 ms. Compared to the BOLD image
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(with 30 ms TE), signal intensity after ferumoxtran-10
administration was 24% greater for 10 mg Fe/kg, 0.7%
greater for 20 mg Fe/kg, and 32% lower for 30 mg Fe/kg.
Blood vessels appear dark after administration of the con-
trast agent, and signal losses are particularly evident in
large vessels near the surface of the brain. Figure 2 shows
images from before and after ferumoxtran-10 injection fit
to the Paxinos atlas. Differences are quite apparent. Mea-
surements made along the midline of the brain, where the
greatest signal dropout on the surface near SI occurs, show
a 4.6% shortening of the apparent MRI length of the brain
for the 10 mg Fe/kg dose compared to EPI images without
ferumoxtran-10, a 14.7% shortening for the 20 mg Fe/kg
dose, and a 20.2% shortening for the 30 mg Fe/kg dose.
Measurements made of the gap between the visual cortex
and colliculus in the precerebellar slice, where the largest
signal dropout occurs, show a 62% gap increase after

injection of 10 mg Fe/kg, an 88% increase after 20 mg
Fe/kg, and a 111% increase after 30 mg Fe/kg.

Activation in SI during electrical stimulation of the fore-
paw was observed with both BOLD and CBV-weighted
fMRI in all rats. Typical activation maps are shown in Fig.
3. In the CBV-weighted images, the extent of activation
increases with increasing ferumoxtran-10 doses. A line of
activated pixels extending from SI to the sagittal sinus that
appears to indicate a draining vein was often observed in
the BOLD images, but was seen much less frequently in the
CBV-weighted images.

Average time courses from SI for BOLD and CBV-
weighted fMRI are shown in Fig. 4. Rats injected with
10 mg Fe/kg ferumoxtran-10 showed the lowest average
percentage change in SI during stimulation (4.9 � 2.3%).
The 20 mg Fe/kg dose gave a change of 5.9 � 1.8%, and the
30 mg Fe/kg dose caused an 8.7 � 2.4% change during

FIG. 1. (a) Ten EPI images covering the
whole rat brain, acquired with the parame-
ters used for BOLD experiments. (b) EPI
images of the same rat after the administra-
tion of 20 mg Fe/kg ferumoxtran-10, ac-
quired with the parameters used for CBV
experiments. Blood vessels appear dark
and the contrast between gray and white
matter is reversed.

FIG. 2. Two image slices from the same rat
before and after administration of 30 mg
Fe/kg ferumoxtran-10, fitted to the Paxinos
atlas using the same warp. (a) The slice
containing SI before and after (b) ferumoxt-
ran-10 administration. Signal from the sur-
face is lost. (c) The precerebellar slice be-
fore and after (d) ferumoxtran-10 adminis-
tration. Large signal shifts are evident. Red
lines indicate profile measurements.
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activation. Signal fluctuations in the baseline images were
similar for all doses, having a SD of 1.3% for the 10 mg
Fe/kg dose, 1.0% for the 20 mg Fe/kg dose, and 1.2% for
the 30 mg Fe/kg dose. Rats showed no adverse reaction to
the higher contrast dose.

A poststimulus undershoot of approximately 1% (signif-
icantly different from baseline signal; P � 0.01) was ob-
served in the BOLD time course. This undershoot begins
shortly after the end of stimulation and persists for approx-
imately 30 s. No overshoot was seen in the CBV-weighted
time courses, but the signal took approximately 30 s to
return to baseline.

SII showed average changes of 3.0 � 2.1% for BOLD
fMRI, 3.3 � 2.3% for 20 mg Fe/kg CBV-weighted fMRI, and
5.1 � 3.0% for 30 mg Fe/kg CBV-weighted fMRI. No aver-
age change was calculated for secondary areas for the
10 mg Fe/kg dose due to the low incidence of detectable
activation. Changes of approximately 3.3 � 3.4% were also

observed in the cerebellum with BOLD fMRI and 4.0 �
2.2% with 20 mg Fe/kg CBV-weighted fMRI. A change of
3.9 � 1.9% was observed with 30 mg Fe/kg CBV-weighted
fMRI. The thalamus had the smallest change during acti-
vation (approximately 2.6 � 1.6% for BOLD fMRI, 3.0 �
1.7% for 20 mg Fe/kg CBV-weighted fMRI, and 3.7 � 2.3%
for 30 mg Fe/kg CBV-weighted fMRI).

Incidence maps of BOLD and CBV-weighted fMRI scans
are shown in Fig. 5. Similar incidence of activation was
observed with the two methods. With BOLD and CBV-
weighted fMRI at 20 mg Fe/kg of ferumoxtran-10, activation
is observed in SI in all the scans, in SII in 50–60% of the
scans, in the cerebellum in 60–70% of the scans, and in the
thalamus in 20–30% of the scans. CBV-weighted fMRI at
30 mg Fe/kg had similar incidence but thalamic activation
was observed in 50% of the scans. Little activation outside of
SI was detected with the 10 mg Fe/kg CBV-weighted fMRI.
These results are summarized in Tables 1 and 2.

FIG. 3. (a) Typical BOLD functional images
acquired during electrical stimulation of the
forepaw, showing activation in SI (white ar-
rows) and SII (yellow arrow). (b–d) Typical
CBV functional images of forepaw stimula-
tion with 10 (b), 20 (c), and 30 mg Fe/kg (d)
ferumoxtran-10, showing activation in SI
(white arrows), SII (yellow arrow), and the
thalamus (red arrows).
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Draining veins on the surface of SI running toward the
sagittal sinus in the BOLD images were readily apparent in
the incidence maps. These veins are less pronounced in the
CBV-weighted maps. The other major difference between the
BOLD fMRI and CBV-weighted fMRI was the pattern of cer-
ebellar activation. In the BOLD images, most cerebellar acti-
vation occurs near the surface, and bilateral focal areas are
visible. In the CBV-weighted images, very little activation
occurs near the surface. There is also a shift in activation seen
in the CBV-weighted fMRI compared to the BOLD fMRI in
the slice anterior to the cerebellum.

Anatomic images obtained with a FLASH sequence from
one rat clearly depict large vessels on the surface of the
cortex and cerebellum (Fig. 6). The vessels in the cerebel-
lum correspond roughly to the bilateral focal areas of ac-
tivation detected in the BOLD fMRI incidence maps. Fi-
nally, to verify that the veins detected on the surface of SI
were due to BOLD-based signal changes and not due to
inflow activation, maps of a single slice were made at 1.5 s
repetition time and at 10 s repetition time. Figure 7 shows
that the presence of the draining vein was not affected by
the repetition time, indicating it was due to BOLD effects
rather than inflow effects.

DISCUSSION

BOLD and CBV-weighted fMRI demonstrated similar sen-
sitivity to activation in multiple areas of the somatosen-
sory system during electrical stimulation of the forepaw.
Although the overall rates of incidence are similar, not all
animals showed activation in the same areas with BOLD

FIG. 4. Average time courses from SI measured with BOLD (a) or
CBV (b) fMRI. In b, averages for three ferumoxtran-10 doses are
shown: stars, 10 mg Fe/kg; triangles, 20 mg Fe/kg; and squares,
30 mg Fe/kg. The black bar indicates the stimulation period.

FIG. 5. Incidence maps for slices contain-
ing SI, SII, thalamus, and cerebellum. Inci-
dence ranges from 2 to 10 animals. BOLD
maps (a, c, e) from the same animals are
shown with CBV maps at 10 (b), 20 (d), and
30 mg Fe/kg (f) of ferumoxtran-10. Draining
veins are prominent in the BOLD maps but
less pronounced in the CBV maps, and cer-
ebellar activation is shifted away from the
surface in the CBV maps.
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and CBV-weighted fMRI. For example, in some animals SII
would show activation in CBV-weighted maps but not in
BOLD maps, or vice versa. This is probably due to the fact
that areas outside of SI showed lower incidences of acti-
vation than SI and therefore it was sometimes the case that
an area activated during BOLD detection but not CBV
detection. We previously suggested that partial volume
effects could account in part for the variation in the num-
ber of areas that activate from rat to rat (12). However,
since the imaging geometry was identical for both CBV-
weighted and BOLD fMRI, the differences in incidence of
activation seen between the two techniques cannot be
attributed to partial volume effects alone, and regional
hemodynamics may contribute to the variation. Another
factor is that CBV-weighted and BOLD fMRI have different
dependences upon resting blood volume, which could
influence their sensitivities to activation in different areas
(15).

The amount of change during stimulation observed with
CBV-weighted fMRI in this study was reasonable com-
pared to that previously reported. Van Bruggen et al. and
Palmer et al. measured average signal changes of 9 and
13.5%, respectively, with gradient echo sequences at 4.7
T, a contrast dose of 6 mg/kg, and a TE of 12–17 ms (17,18).
The differences in our imaging parameters and the use of
spin echo rather than gradient echo EPI do not permit a
direct comparison, but the average 8% signal change we
measured during stimulation is within the range expected.

While we did not attempt to quantify the change in CBV
during stimulation in this experiment, a rough estimate
can be made using a T2 value for the rat cortex at 11.7 T of
38 ms measured previously (unpublished). Following
Mandeville’s method, the percentage change during stim-
ulation then corresponds to an absolute CBV change of
approximately 23% for the 20 mg Fe/kg dose, similar to
the 24% reported by Mandeville et al. (3). Using the same
T2 to calculate the drop in signal intensity after ferumox-
tran-10 administration gives a signal loss of 7% for the
10 mg Fe/kg dose, 32% for the 20 mg Fe/kg dose, and 62%
for the 30 mg Fe/kg dose. As the optimal dose for a given
TE should reduce signal by about 60%, the 30 mg Fe/kg
dose should provide the maximum contrast to noise for
these parameters. We expect no observable contribution of
the BOLD effect to the CBV-weighted signal change be-
cause of the extremely short T2

* of blood at this field
strength with ferumoxtran-10. The T2

* of arterial blood
was measured at 0.85 ms after the rat was injected with
11 mg Fe/kg (23).

One of the major differences between the functional
images obtained with BOLD and CBV-weighted fMRI is the
prominence of draining veins in the BOLD fMRI maps. The
relative contributions of vessels of different sizes have
been a long-standing issue in BOLD fMRI (6,24,25). The
BOLD signal comes from both large and small vessels, and
each vessel can contribute from both intravascular and
extravascular compartments. The extravascular signal
from small vessels is generally considered the most local-
ized to neuronal activity, but it can easily be overwhelmed
by large signal from inside vessels and around large drain-
ing veins. Spin-echo imaging as used in the present work
is expected to reduce the signal from around large draining
veins compared to gradient echo imaging, because of the
refocusing effect of the 180° pulse (24,25). Simulations and
experiments have argued that the intravascular contribu-
tion to spin-echo BOLD imaging is small at high fields, due
to the short T2 and T2

* of venous blood (6). Nevertheless,
activation along what appear to be draining veins, stretch-
ing from SI across the cerebral surface to the sagittal sinus,
have been observed both in this study and in previous
work at 11.7 T (10,12). This activation is not due to inflow
effects, as it was unaffected when the repetition time was
increased from 1.5 to 10 s (Fig. 7). The signal may arise
from incomplete suppression of the extravascular spins
surrounding large vessels or from residual intravascular
signal. Although we used a spin-echo EPI sequence, there
is significant T2

* weighting during the readout, which can
contribute to the BOLD fMRI map.

In contrast to the BOLD fMRI, few distinct draining
veins were observed with the CBV-weighted fMRI. Similar

Table 1
Summary of Incidence for BOLD and CBV Scans.

BOLD
rats

BOLD
scans

10 mg/kg
CBV rats

10 mg/kg
CBV scans

20 mg/kg
CBV rats

20 mg/kg
CBV scans

30 mg/kg
CBV rats

30 mg/kg
CBV scans

SI 24/24 43/43 6/6 9/9 10/10 20/20 10/10 21/21
SII 13/24 20/43 1/6 1/9 5/10 9/20 7/10 13/21
Thalamus 7/24 9/43 0/6 0/9 2/10 3/20 8/10 10/21
Cerebellum 18/24 29/43 0/6 0/9 7/10 11/20 6/10 11/21

Table 2.
Incidence and Dose-Dependence for USPIO Compared with
BOLD in the Same Rats.

10 mg/kg
CBV

BOLD

SI 6/6 6/6
SII 1/6 4/6
Thalamus 0/6 2/6
Cerebellum 0/6 3/6

20 mg/kg
CBV

BOLD

SI 10/10 10/10
SII 5/10 7/10
Thalamus 2/10 2/10
Cerebellum 7/10 8/10

30 mg/kg
CBV

BOLD

SI 10/10 10/10
SII 7/10 6/10
Thalamus 8/10 3/10
Cerebellum 6/10 7/10
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results were reported by Mandeville and Marota (15). The
lack of draining veins has been attributed to the small
volume change in large vessels and to the T2

*-shortening
effect of the contrast agent. However, a careful comparison
of the MRI slice from the SI region of the brain before and
after ferumoxtran-10 administration (Fig. 2) shows signif-
icant signal loss around the surface of the brain, particu-
larly near the top. If the T2* in these areas is short enough
to cause signal dropout, distortion is likely to be present as
well with the long acquisition times used in this study.
Thus, activation from the draining veins may be lost or
shifted deeper into the cortex due to the large susceptibil-
ity effect of the contrast agent. In some of the CBV-
weighted incidence maps (for example, the second slice in
Fig. 5d and f), there appears to be activation from draining
veins that is shifted away from the surface by the suscep-
tibility effect of the contrast agent in the sagittal sinus.

The other key difference noted in this study was the
location of cerebellar activation in the BOLD and CBV-
weighted fMRI activation maps. In the slice containing
most of the cerebellum (the last slice in Fig. 5), the activa-
tion in the CBV-weighted incidence maps is shifted down-
ward by 1–2 mm with respect to the activation in the
BOLD incidence map of the same slice. Also, the slice
anterior to the main cerebellar slice, which contains cere-
bellum, pons, colliculus, etc., often shows activation near
the center of the image in the CBV-weighted map, but the
only activation is along the surface in the BOLD map. A
similar disparity between BOLD and CBV-weighted acti-
vation maps was reported in a recent study by Mandeville
et al. using cocaine administration (19).

There are several hypotheses that can be made about this
shift. One is that the shift is due to the different vascular

weightings of the BOLD and CBV-weighted techniques.
Mandeville and Marota found that activation in SI with
CBV-weighted fMRI was shifted medially (0.26 mm) and
dorsally (0.45–0.67 mm) compared to the activation seen
with BOLD fMRI (15). When the vascular weighting was
taken into account, the activation colocalized. While the
measurement and correction of vascular weighting was
beyond the scope of this study, it is a direction for future
work.

Another hypothesis is that the BOLD activation is
heavily weighted toward draining veins and the CBV-
weighted fMRI depicts the true activated area. The ob-
served draining veins near SI in the BOLD images demon-
strate that this is a possibility, and anatomic images show
surface vessels near the bilateral focal points of activation
(Fig. 6). Much of the activation in the slice anterior to the
cerebellum was near the sagittal sinus. Recently high-
resolution fMRI studies of rat, cat, and human sensory
cortex indicate that the largest contribution to BOLD fMRI
using gradient echo sequences is from surface vessels
(6,10,26,27). It is interesting that even with spin-echo
weighting at 11.7 T, high BOLD fMRI activation is still
observed from surface vessels.

The most probable possibility is that the susceptibility
differences created by the injection of the contrast agent
cause signal dropout and image distortion, moving the
apparent source of activation. The shortening of T2 and T2

*

upon administration of contrast agent causes the signal at
a given TE to decrease (drop out). Upon careful examina-
tion, it is apparent that signal voids appear after the ad-
ministration of the contrast agent, mostly near the surfaces
of the brain (Fig. 2). We attempted to alleviate this by using
the shortest TE possible for our imaging parameters. In-

FIG. 6. (a) Anatomic images of the primary sen-
sory cortex and cerebellum acquired with 100-�m
isotropic resolution. White arrows indicate blood
vessels. (b) A BOLD functional map of the primary
somatosensory cortex. A line of activation runs
along the surface of the brain from SI toward the
sagittal sinus, corresponding to the vessel seen in
the anatomic image. (c) BOLD functional maps
from two rats, showing bilateral foci of activation
near the surface of the cerebellum. These corre-
spond to the surface vessels seen in the anatomic
image.

FIG. 7. (a) A functional map of a single slice
acquired during stimulation of one forepaw
with the usual paradigm of 60 rest images,
30 active images, and 60 rest images, with a
TR of 1.5 s. Activation in the draining vein is
clearly visible (arrow). Correlation coeffi-
cients range from 0.2 to 0.8. (b) A functional
map from the same animal with a TR of 10 s
and a paradigm of 10 rest images, 5 active
images, and 10 rest images. Activation in
the draining vein is apparent (arrow). Corre-
lation coefficients range from 0.5 to 0.8.
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deed, the SNR of the post-ferumoxtran-10 images at TE �
20 ms was better than the SNR of the preinjection BOLD
images at TE � 30 ms. However, the reduced relaxation
times after ferumoxtran-10 administration also cause geo-
metric distortions, due to the long acquisition time of the
EPI sequence. In order to keep our spatial resolution be-
tween BOLD and CBV-weighted images the same, we did
not decrease the acquisition time for the CBV-weighted
experiments. Therefore, significant distortions should be
present, especially in the slice anterior to the cerebellum,
where the signal appears to be shifted both upward and
downward from the vascular region near the center of the
image. Other problematic areas include the olfactory bulbs
and along the cortical surface (compare Figs. 1b and 2b,
after contrast injection, with Figs. 1a and 2a, respectively,
before contrast injection). These distortions could account
for much of the dislocation between the BOLD and CBV-
weighted maps. Nevertheless, vascular weighting and sen-
sitivity to draining veins may contribute as well. Without
sacrificing spatial resolution, it may be necessary to
shorten the EPI acquisition time, either by using stronger
gradients or by resorting to parallel imaging techniques, in
order to minimize the distortion effects. However, at typ-
ically used parameters, it is clear that the doses of feru-
moxtran-10 used can significantly affect the images.

There has been much interest in comparing the detailed
localization and extent of activation detected by BOLD
compared to perfusion or CBV-based fMRI techniques in
both humans and SI cortex in animals (28–30). These
comparisons have been made over the entire extent of
activation as well as the subcortical extent of activation,
for example, in ocular dominance columns (31). In almost
all of these cases, significant differences were detected,
with either the perfusion or the CBV-based fMRI appearing
to localize better. There is no quantitative explanation for
this but all of the factors that might affect the present
results, such as differential sensitivity to draining veins,
differential effects on image distortion, and differences in
neurovascular coupling, could be responsible.

The dose-dependent studies in this experiment indi-
cated that 10 mg Fe/kg ferumoxtran-10, commonly used at
lower field strengths, is insufficient to detect activation in
secondary areas with spin-echo EPI at 11.7 T. A dose of
20 mg Fe/kg gives an incidence of activation similar to
BOLD. While a larger change was observed in SI with
30 mg Fe/kg ferumoxtran-10, the high contrast dose leads
to greater signal dropout. It may also increase the inci-
dence of observable activation in the thalamus, but more
studies must be performed to determine whether this ef-
fect is significant.

In general, CBV-weighted fMRI demonstrates sensitivity
to activation outside of SI similar to that of BOLD, but with
apparently less contamination from large vessels. How-
ever, the signal dropout caused by the ferumoxtran-10
particles may explain the apparent loss of large vessel
contamination and makes CBV-weighted fMRI a poor
choice for imaging certain regions, like the cerebellum
where signal droupout significantly distorts the image.
Developing strategies to minimize the signal dropout en-
countered with CBV-weighted fMRI will be important for
robust application of rodent whole-brain CBV-weighted
fMRI to the study of learning and plasticity. BOLD has the

advantage in that no exogenous contrast agent is needed,
and the incidence maps generated are of similar quality to
the maps generated with ferumoxtran-10. The disadvan-
tage of BOLD continues to be the presence of draining
veins that might cause mislocalization even in the rat brain
using spin-echo EPI at 11.7 T.
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